The growth of long bones occurs in narrow discs of cartilage, called growth plates that 42 provide a continuous supply of chondrocytes subsequently replaced by newly formed 43 bone tissue. These growth plates are sandwiched between the bone shaft and a more 44 distal bone structure called the secondary ossification center (SOC). We have recently 45
is absent in several vertebrate taxa, such as Chelonians, Crocodilians and Urodeles (6, 85 7) (as an example, salamander cartilage is shown in Fig. S1 , C and D). This observation 86
poses an intriguing question about the evolutionary origin of the SOC and primary 87 cause of its development. 88 Evolutionary analysis revealed that SOCs first appeared in the long 89
bones of amniotes and are present in all synapsids (including mammals) ( Fig. 1, D) . 90 Some stem mammals may have evolved a SOC [i.e., Niassodon(8) (Fig. 1, D) ], but 91 most did not (9, 10). Among sauropsids bone ossification is widely diversified: SOCs 92 form in squamates (lizards) and calcified secondary centers (SCs) in sphenodontids 93 (Fig. 1, D) , whereas Chelonians (turtles and tortoises) and crocodilians do not possess 94 an SOC (7) . Instead, in these organisms the bone marrow protrudes unevenly into 95 epiphyseal cartilage, leaving hypertrophic chondrocytes between and forming 96 trabecular bones on sides of these protrusions (7) . 97
The long bones of some birds can form a SOC (e.g., proximal epiphysis 98 of the tibiotarsus in the sparrow, Fig. S2 ), but most ossify their long bones without such 99 a structure (11). In both cases, trabecular protrusions extend towards the epiphysis (7, 100 12) in a manner that in principle resembles the protrusions of marrow in crocodilians 101
and chelonians, but more organized, narrowed and extended protrusions. The bones of 102 non-avian dinosaurs appear to have been organized in a manner similar to birds (i.e., 103 extended protrusions (9, 10)), to the best of our knowledge with no reports of SOCs in 104 these groups. The absence of SOCs in anamniotes and its appearance in different orders 105
of amniotes indicate evolutionary convergence and suggests that SOCs might play an 106 important and previously unexplored adaptive role in the functioning of the 107 appendicular skeleton. 108
Anamniotes undergo their juvenile growth in an aquatic environment, 109
with amniotes being the first organisms to spend their entire lifecycle on land. Such a 110 change in habitat poses an engineering challenge to the skeleton, which must be rigid 111 enough to bear the weight of the body during wide-ranging movements of the joints 112 and yet flexible enough to allow bone growth. Accordingly, we reasoned that the SOC 113 might help meet this challenge. 114
To examine a potential association between the SOC and mechanical 115 demands, we first looked at the skeletal development of Chiroptera (bats), who use their 116 extremities in a highly specialized manner. The newborn pups must cling to their 117 mother or to the roost during their mothers' flights for foraging or relocation. Thus, the 118 feet and thumbs (1 st finger) of the wing are expected to be subjected to greater initial 119 weight-bearing demands than the long wing bones, which start to be utilized only after 120 about 2-3 weeks of age (13-16). Accordingly, we compared ossification of the feet and 121 thumbs to that of the other bones of the wing. We found that in newborn bat pups, 122 development of the SOCs in the hindlimbs and thumbs is much more advanced than in 123 the wings (Fig. 1, E and Video S1), in line with the heavy mechanical demands 124 described above. This difference was particularly pronounced in the case of autopods, 125 where the feet and thumb are heavily ossified, while other bones of the wing exhibit no 126 SOC at all (Fig. 1, F to G). This differential pattern of ossification was apparent during 127 ontogenesis in the entire Chiroptera order (Fig. 1, H and I, summary of 6 species for 128 which ontogeny data were available to us) and primary data on all 13 species analyzed 129 are presented (Supplementary data file 1). The Chiroptera species differ extensively 130 with respect to their foraging and roosting habits, the behavior of their young, litter size, 131 and lifespan (17-21), which probably resulted in a certain amount of variation. 132 Interestingly, the SOCs in the feet and the thumbs of some species of 133 bats are well-developed even prior to birth (Supplementary data file 1) and the pups of 134 certain species (Mops condylurus, Artibeus jamaicensis, Megaloglossus woermani and 135
Rousettus celebensis) are born with feet of nearly adult size (17, 19 ) (see also Fig. 1F  136 for A. jamaicensis). Use of the wings (other than the thumb) begins much later than that 137 of the feet and a SOC develops in the wing bones late in the juvenile period. Thus, these 138 comparisons reveal a clear association between mechanical demands and the time at 139 which the SOC is formed. Interestingly, the presence of the SOC in the embryonic feet 140 and thumb suggests that a genetic program governs development of this structure 141 preceding the mechanical demands. 142
To verify this association between the level of ossification and 143 mechanical demands in an unrelated order, we examined development of the SOC in a 144 bipedal three-toed jerboa (Jaculus jaculus) belonging to the family of Dipodoidea 145 rodents. The young employ their front limbs only for crawling during the first 2 weeks 146 of postnatal life and start using their hind limbs (become quadrupedal) at 3 weeks of 147 age, becoming fully bipedal at 4 weeks of age (Video S3) and (22). Consistent with the 148 associated mechanical demands, the SOC formed in the front limbs significantly before 149 the hind limbs ( Fig. 1K , L, and Fig. S3 ). Interestingly, development of the SOC in mice 150
and rats also coincides with the transition from crawling to walking (Fig. S1, A and B ). 151
This same line of reasoning suggests that the evolutionary movement of 152 mammals from land to water, such as that of the cetaceans (whales) with their 153 streamlined body and flippers ( Fig. S4, A) , might have led to the loss of this specialized 154 structure. In early cetaceans from the Eocene era (56-33.9 Mya), the epiphyseal plates 155 of the forelimbs are structurally similar to those of terrestrial mammals, as evident in 156
Maiacetus inuus (23) and Dorudon atrox (24) (Fig. S4 , B1 and B2, respectively). 157
However, the SOCs in the metacarpals and phalanges in extant baleen whales of the 158 Balaenopteridae family are extremely small, although well-developed in the distal 159 radius and ulna ( Fig. S4, B3 ). The Balaenidae family demonstrates the most advanced 160 limb transformation, with extreme reduction of the size of the SOC in the distal radius, 161 ulna and metacarpals; unusually small or even missing carpal elements; and a 162 fibrocartilaginous structure intermediate to that of the zeugopodium and metacarpals 163 ( Fig. S4, B4 ). 164
Toothed whales from the Miocene era to the present demonstrate more 165 diversified secondary ossification. Iniidae (Amazon River dolphins) do not have 166 distinct epiphyseal plates, but rather multiple small SOCs ( Fig. S4, B6 ). SOCs are 167 present in both Platanistidae and certain Delphinoidea (Fig. S4, B5 ), whereas the SOCs 168
of Ziphiidae and the narwhal Monodon monoceros (Delphinapteridae), are reduced in 169 size ( Fig. S4, B7 ). In another member of Delphinapteridae, the beluga whale 170
Delphinapterus leucas, X-ray examination revealed only remnants of a SOC in the 171 metacarpals and phalanges ( Fig. S4, D) . Finally, the most advanced epiphyseal 172 transformation is seen in the killer whale Orcinus orca (Delphinidae) ( Fig. S4, B8 ) and 173 sperm whale Physeter catodon (25, 26) ( Fig. S4, B10) , where the size of the SOCs of 174 the distal radius, ulna and metacarpals is extremely reduced (sometimes even absent) 175
and a fibrocartilaginous structure forms in the carpal area ( Fig. S4 , B8,10). A CT scan 176 revealed complete absence of the SOC in Orcinus orca (Fig. 1 , J and Video S2), as 177 confirmed by radiography ( Fig. S4, C) . Thus, the return of cetaceans to the aquatic 178 environment was associated with a reduction in the size of their SOCs, indeed, with 179 complete loss of this structure in some species. 180
These evolutionary and comparative observations on unrelated animals suggest 181 that appearance of the SOC occurred in relation to mechanical demands imposed on 182 skeletal elements. However, alternative explanations, such as temporal differences in 183 maturation of the growth plate, cannot be definitely excluded by such associative 184 studies. We therefore performed a series of modelling and functional experiments to 185 further test for our hypothesis. 186
To explore the potential effects of the SOC on the distribution of 187 mechanical stress within the epiphyseal cartilage, we applied finite element analysis 188 (FEA), employing a modification of the model developed by Carter and co-workers 189
(27, 28) ( Fig. 2 , A, see the Methods section for details). For modelling local forces, 190
octahedral shear stress was considered to be the most significant element of stress on 191 chondrocytes (28). Our FEA revealed that the presence of a SOC reduces the extent to 192 which octahedral shear stress (associated with either a vertical or angled load, the latter 193 mimicking locomotion) is distributed to the epiphyseal plate ( Fig. 2, A) , even with a 194 supra-physiological load ( Fig. S5, A) . 195
Our FEA model also predicted that a SOC significantly enhances the 196 stiffness of the entire epiphyseal structure (note the tissue deflection in Fig. 2 , A and 197 Fig. S5 , A), thereby preventing severe distortion and consequent instability of this 198 structure during locomotion. To test this experimentally, we employed tibia bones from 199 10-day-old rats and 30-day-old mice, which at these time-points are comparable in size 200
and shape, as well as the mechanical properties of their cartilage (Fig. S5 , B and C), 201
although the rat tibia has not yet developed a SOC (SOC-), whereas mice tibia have 202 (SOC+) (Fig. S1 , A and B). To test FEA predictions we applied various dynamic loads 203 to these SOC± bones. As predicted, the SOC improved their stiffness in response to 204 both vertical and angled loads (Fig. 2 , B and C and Fig. S5 , D to I). Although 205 confounding experimental variables cannot be fully excluded in this SOC± modelling 206 system even despite comparable size, shape and mechanical properties of the bones, 207 concurrence of mathematical predictions and physical tests further validates the model. 208
Thus, the SOC provides additional stiffness, while simultaneously 209 reducing octahedral shear stress on the epiphyseal growth plate. Why might such 210 protection be important at the cellular level? To address this question, we cultured 211 bones exposed to different loads for 48 hours under previously optimized conditions 212
(29) to allow cellular responses to develop. Growth plate chondrocytes appeared to be 213 highly sensitive to load, with 40% dying upon application of a 1N load (as revealed by 214 propidium iodide (PI) staining). At the same time, the SOC clearly protected these cells, 215
allowing them to withstand a load an order of magnitude higher (Fig. 2 , F and G and 216 S5, K and L). 220
Cells frequently undergo programmed cell death (i.e., apoptosis) under 221 unfavorable conditions. To test the hypothesis that in response to excessive mechanical 222 load chondrocytes die by apoptosis, we first performed the TUNEL assay to detect 223 fragmented DNA, a hallmark of apoptotic nuclei and found that growth plate 224 chondrocytes in bones that lacked a SOC became apoptotic in response to high loads 225
( Fig. 2 , H to J and see Fig. S5 , J for the baseline control). In addition, Caspase-3, a 226 protease that executes apoptosis, was activated upon loading ( Fig. 2 , K). To further 227 explore the underlying mechanism, we assessed the activity of the Yes-associated 228 protein 1/Tafazzin (YAP/TAZ) signaling pathway, which is well-known to be involved 229 in mechano-sensing (30) and can promote apoptosis via the tumor suppressor protein, 230 p73 (31). The levels and nuclear translocation of both the YAP ( p73 pathway, appears to be triggered in vulnerable epiphyseal chondrocytes in the 235 absence of a protective SOC. 236 We noticed that this cell death was distributed unevenly along the longitudinal axis, 237 being more pronounced in the hypertrophic zone ( Fig and 3N under angled load ( Fig. 3 , A to D). Within this range of loading no effect on 243 chondrocyte proliferation could be observed ( Fig. S8 , E and F), suggesting that 244 hypertrophic chondrocytes are particularly sensitive to loading. The protective effect of 245 a SOC on this cellular population was especially strong, allowing them to withstand a 246 25-fold greater load (0.2N versus 5N for vertical load). 247
This highly efficient protection prompted us to modulate the size of the SOC 248 in age-matched individuals, with a less sensitive, but more physiological setting. We 249 recently reported that development of the SOC is dependent on angiogenesis and can 250 be delayed by blocking the vascular endothelial growth factor (VEGF) receptor in 251 transgenic mice (5) with axitinib (32) within a narrow window of time beginning of 252 P18, but not P21. Similar inhibition was observed here in wild-type mice ( Fig. 3 , J). 253
Delayed development of the SOC was clearly associated with elevated apoptosis among 254 hypertrophic chondrocytes ( Fig. 3, K) . 255
In addition, we analyzed mice characterized by limb-specific activation of the 256 stimulatory G-protein α-subunit (Gsα) and delayed formation of the SOC (Prx-257 Cre:Gsα R201H ) (33). To block immediate elimination of dead hypertrophic chondrocytes 258
by ingrowing blood vessels, we inhibited angiogenesis with axitinib as described above, 259
which does not interfere with formation of the SOC (P21-P29, Fig. 3 , K), but allows 260 delay elimination of hypertrophic chondrocytes (5). Analysis confirmed a decreased in 261 the size of the SOC and revealed enhanced death among hypertrophic chondrocytes 262 ( Fig. S8 , G and H). It must be emphasized that in both pharmacological and genetic 263 murine models, the animals run actively, exposing their growth plates to weight-264 associated loads, but their body mass is lower (for axitinib-treated mice 56.6±11.2% of 265 control and Prx-Cre:Gsα R201H mice 80±6.9% of control). Thus, the increase in cell death 266 observed may be an underestimation of the level to be expected in bones with an 267
underdeveloped SOC subjected to normal body weight. 268
Intriguingly, in our SOC± model we also noticed that when loading was 269 applied at an angle, dying hypertrophic chondrocytes were distributed unevenly, not 270 only along the longitudinal (resting&proliferative -hypertrophic, Fig. 3 ), but also along 271 medial-lateral axis. Specifically, chondrocytes on the side opposite the loading 272 underwent more extensive apoptosis than those on the other side ( Fig. 4 , A to C). 273
Similarly, the number of TUNEL-positive cells and level of YAP were also highest on 274 the side opposite to where the load was applied ( Fig D). In these actively running animals, more hypertrophic chondrocytes on the lateral 280 sides of the growth plate died than in the middle (Fig. 4, E) . 281
This uneven distribution of cell death along the medial-lateral axis 282 cannot be explained by the octahedral shear stress, since with angled loading this stress 283 is the highest in the central region of the growth plate ( Fig. 2, A ). Our FEA model 284 revealed that with angled loading, only the highest compressive principal stress ( Fig. 4 , 285 F) and hydrostatic stress (Fig. S9 , M and S10 for physiological and supra-physiological 286 loads, respectively) match this medial-lateral distribution of cell death. Hydrostatic 287 stress was not considered further, since this also increased upon vertical loading in the 288 presence of a SOC, which therefore cannot protect against this form of stress ( Fig. S9 , 289 M). 290
Thus, directional compressive stress appears to be harmful to 291 chondrocytes, especially hypertrophic chondrocytes. To understand this vulnerability, 292
we determined cell stiffness by performing atomic force microscopy (AFM) on live 293 tissue sections (freezing sections or isolating cells might alter their stiffness (35)). 294
Hypertrophic chondrocytes proved to be only a quarter as stiff as the columnar 295 chondrocytes from which they are derived ( Fig. 4 , G and H). It seems likely that this 296 lower stiffness of hypertrophic chondrocytes, in combination with their large size, 297 render them particularly vulnerable to mechanical loading. 298
Long-bone elongation through endochondral bone formation has been 299 conserved evolutionarily for at least 400±20 Mya(2, 3). Chondrocyte hypertrophy is a 300 key aspect of this process, not only accounting for 59% of growth (73% with the 301 associated ECM) (36, 37), but also coordinating cartilage resorption with the formation 302 of new bone (e.g., via secretion of Ihh and VEGF) (38). Thus, while juvenile growth in 303 an aqueous environment places no special demands on the mechanical properties of 304 hypertrophic chondrocytes, transition to land poses the mechanical stress of weight-305 bearing, particularly on the appendicular skeleton, which in turn might damage the 306 hypertrophic chondrocytes and thereby preclude proper bone formation. Accordingly, 307
SOCs can be viewed as a mechanism to preserve the evolutionary ancient process of 308 endochondral bone formation in connection with terrestrial loading. 309
However, most vertebrates lack SOCs. Among terrestrial 310 crown amniotes, the mammals and lepidosaurs have this structure, whereas non-avian 311 dinosaurs, crocodilians and chelonians do not ( Fig. 1, D) . (Although some bones in 312 some birds do develop SOCs (Fig. S2) ), instead, birds and dinosaurs and, to a lesser 313 extent, chelonian and crocodilians develop bone marrow protrusions with calcified or 314 ossified walls that protrude deep into the epiphyseal cartilage, sequestering 315 hypertrophic chondrocytes between them (11, 12, 39). Modelling this system revealed 316 that this design relieves the hypertrophic zone in a highly efficient manner from 317 loading-induced stress (Fig. S10 ). The epiphysis of chelonians and crocodilians, which 318 deviates least from the most ancient types (12), probably protect the hypertrophic 319 chondrocytes partially by the longitudinal trabecular arrangement of their metaphysis 320 ( Fig. S10 ) in combination with the partial reduction in load-associated stress achieved 321
by an aquatic juvenile period or crawling. These observations suggest that amniotes 322 appear to have addressed the same poor compatibility of hypertrophic chondrocytes 323
with the mechanical demands of terrestrial bone growth, albeit with a different 324 evolutionary strategy. It is interesting to emphasize that the SOC is formed at the 325 expense of chondro-progenitors located in this same area, which should theoretically 326 limit the potential growth of terrestrial animals with SOC structure. Expression of sonic 327 hedgehog by cells in the SOC and development of an epiphyseal stem cell niche by this 328 bony structure (5) might be secondary or parallel adaptations designed to overcome this 329 loss of chondro-progenitors and associated limited growth potential. 330
In conclusion, our evolutionary observations, comparative zoology, 331 paleontological analyses, mathematical modeling and physical tests, as well as 332 pharmacological and genetic interventions all suggest strongly that the primary reason 333 the SOC evolved was to shield the hypertrophic chondrocytes from the mechanical 334 stress of weight-bearing associated with bone growth in a terrestrial environment. These 335 observations provide evolutionary, mechanistic and functional explanations for the 336
Hueter-Volkmann law formulated during 1862-1897, which states that "increased 337 mechanical compression reduces longitudinal bone growth while reduced mechanical 338 loading increases it"(40 Mexico) and is housed in the collection of the Museum der Natur (Gotha, Germany). 387
The humerus of the squirrel and the skeleton of the sparrow come from a private 388 collection (PT). 389
Synchrotron scanning and 3D modeling 390
All these scans were performed on the beamline ID19 (European Synchrotron  391 Radiation Facility, France) with a current of 200 mA or 16 bunch. Scanning and 3D-392 modeling of the humerus of Eusthenopteron were performed as described earlier (2). 393
The data were reconstructed by single-distance phase retrieval(41) based on a modified 394 version of an algorithm described earlier (42), with subsequent application of an 395 unsharp mask to the radiographs to enhance the trabecular mesh. 396
The humerus of Seymouria was imaged at a voxel size of 3.48 µm using an optical 397 system attached to a 47-μm GGG (i.e., a gadolinium gallium garnet crystal) scintillator 398 and a FreLON 2k14 CCD detector (43) with a propagation distance of 700 mm. The 399 gap of the W150m wiggler was opened to 37 mm. The sample was imaged at 80 keV 400 using a beam filtered with 0.25 mm tungsten and 2 mm aluminium. Under half-401 acquisition conditions, 4998 projections were collected over 360° with an exposure of 402 0.15 s. Binned images (final voxel size 6.96 μm) were reconstructed, segmented and 403 3D-modeled in the same manner as for Eusthenopteron(2). 404
The scan of the humerus of Sciurus vulgaris was performed ath the same voxel size 405
(3.48 µm) using the same optics (i.e. a FreLON 2k14 CCD camera and 47 μm GGG 406 scintillator), with imaging at a propagation distance of 500 mm. Orcinus orca at the Karolinska Institutet (Stockholm, Sweden). The entire bat skeleton 416 (Fig.1, E and Video S1) was imaged with a SkyScan 1174 (Bruker microCT; isotropic 417 voxel size 21.7 m, exposure 3.6 sec, averaging 4 frames, rotation step 0.39°, 360° 418 scan, 50 kV, 8 W, tungsten x-ray source) and the resulting image segmented in Amira 419 6.1. The wing and foot (Fig. 1, E1 and 2) were imaged with an Xradia MicroXCT (Zeiss 420 X-Ray Microscopy; isotropic voxel size 8.8 m (1) and 8.5 m (2), respectively, 421 exposure 20 sec, rotation step 0.3°, 180° scan, 80 kV, 8 W, tungsten x-ray source) and 422 the image again segmented in Amira (6.1). These specimens were mounted in 70% 423 ethanol in tight-fitting tubes. The 3D measurements of the surface were performed in 424 Amira (6.1). 425
Measurements and calculations of the level of ossification in Chiroptera 426 Bats are considered to be adult when both epiphyses of the metacarpo-phalangeal joint 427 of the 4 th finger have become fully ossified. The heights of these epiphyses and their 428
SOCs were determined from microCT images (unpublished data) using the Fiji 429 software or from published images of limb bones (as specified in Table S1 ). The height 430 of the SOC was divided by the total height of the epiphysis (from the joint to the primary 431 ossification center), with the ratio zero corresponding to non-ossified and the value one 432
to fully ossified epiphysis. 433
In cases where only gap values were available from the literature (non-visible soft tissue 434 between two ossified elements), the height of the gap was multiplied by 2/3 435 (metacarpus) or 1/3 (phalanx) to estimate the total height of the epiphyses, and the 436 height of the SOC calculated by subtracting the height of the proximal (metacarpal) or 437 distal (phalanx) gap from this total height. 438
In the case of Fig. 1 , the level of ossification of wing autopods was calculated as an 439
average of the ossification of metacarpals 2-5 and the proximal phalanges 2-5. 440
Ossification of foot autopods was calculated as an average of the ossification of 441 metacarpals 1-5 and the proximal phalanges 1-5. Ossification of the thumb was 442 calculated as an average of the metacarpal and the proximal phalange. Ossification of 443 the stylopod and zeugopod was calculated as an average of the humerus, radius, and 444 ulna for the wings and of the femur, tibia, and fibula for the legs. The results for the 445 proximal and distal epiphyses were combined whenever both were available. 446
Jerboa housing and movies 447
Jerboas were housed and cared for as described previously (44) and in accordance with 448 UCSD Institutional Animal Care and Use Committee guidelines. The locomotion of 449 individual pups from a single litter was filmed 7, 14, 21 and 28 days after birth in a 450 well-lit room using an iPhone with no flash. 451
Preparation of Jerboa skeletons 452
For this purpose, we followed a protocol published previously (45) Massachusetts General Hospital, as described previously(33). 475
Dissection and culturing of the tibia and femur 476
From both hind legs of 30-day-old mice and 10-day-old rats, the tibia and femur bones 477
were dissected out aseptically in DMEM/F12 medium supplemented with 50 µg/ml 478 gentamycin (dissection medium) on ice, with removal of as much surrounding tissue as 479 possible. The height and diameters of the top and side surfaces of the epiphysis were 480 measured with a digital caliper. For each animal, one set of tibia and femur was used 481
as a control and the other for treatment, with all comparisons being made on bones from 482 the same animal. 483
Still in dissection medium on ice, the bones were subjected to pressure with the Instron 484
ElectroPuls E1000 Test Instrument. Load was applied at a speed of 0.1 N per second 485 and load/digital position curves recorded in the Bluehill 3 software. Control bones went 486 through these same procedures, but without loading. 487
For culturing, bones were first washed twice in dissection medium before being placed 488
into DMEM/F12 medium supplemented with 1 mM β-glycerophosphate, 0.2% bovine 489 serum albumin, 50 µg/ml ascorbic acid and 50 µg/ml gentamycin for 48 hours, as 490 described previously(25). Propidium iodide (stock solution at 1 mg/ml, Sigma) was 491 added to the culture medium at a ratio of 1:50 30 minutes before termination of 492 culturing. The tibia and femur were then fixed in 4% PFA overnight, decalcified, 493 cleared in 30% sucrose overnight (at 4° C) and finally embedded in optimal cutting 494 temperature (OCT) compound for frozen sectioning. When the load was applied, the 495 plateau of the medial tibia flanked by the groove of the tibia bone was always facing in 496 one direction and the angled pressure applied to one side of the plateau (on top of one 497 of the grooves). When embedding in OCT for sectioning, the bone was always placed 498 into the grid with the plateau of the medial tibia facing upward and then sectioned 499 frontally to ensure that the pressure was properly directed during imaging. 500
Calculation of mechanical and material properties 501
Determination of the position of the bone relative to the position of its fixture yielded 502 the deformation value. Stiffness was defined as the slope of the initial linear portion of 503 the load-deformation curve. Stress was calculated by distributing the load equally over 504 the top (vertical load) or side surface (angular load) of the epiphysis, assuming that both 505 of these surfaces were oval. Strain was calculated by distributing the bone deformation 506 equally along the height of the epiphysis. The initial linear portion of the stress-strain 507 curve (up to 0.2% offset) was plotted together with the stress-strain curve itself in the 508 same graph and the intersection of the line and curve defined as the 0.2% offset yield 509 strength. 510
Injection of axitinib 511 Axitinib (Sigma) was dissolved in DMSO and injected intraperitoneally at a dose of 512 0.25 mg per animal per day for the C57BL/6 mice for 8 (P21 -P27) or 10 days (P18 -513 P27 or P21 -P30). The control animals received the same volume of DMSO alone. 514
Transgenic Prx-Cre:Gsα R201H mice and the corresponding Gsα R201H controls were 515 injected daily (0.017 mg per g of body weight) between 21 and 29 days of postnatal age 516
to block the elimination of dead hypertrophic chondrocytes by ingrowing blood vessels. 517
Animals were sacrificed one day after the last injection of axitinib. 518 TUNEL staining 519 30-µm sections of cultured tibia bones were treated with proteinase K (Ambion) at 10 520 µg/ml for 40 minutes at 37° C before applying the TUNEL reaction mix (Roche Inc.) 521
for 90 minutes. The cells were then counter-stained with DAPI for 30 minutes. 522
Quantification of stained cells (PI+, TUNEL+, YAP+ etc) 523
For each quantification of the numbers of PI+ and TUNEL+ cells, at least three sections 524 from each of at least three different animals were analyzed. All counting, including 525 determination of the medio-lateral distributions of PI+, TUNEL+, Caspase-3+, p73+, 526 YAP+ and double p73+YAP+ cells was double-blinded. 527
Immunofluorescent staining 528 30-µm sections of cultured tibia bones were blocked in 3% normal horse serum for one 529 hour, followed by overnight incubation with primary antibodies against cleaved caspase 530 3 (1:500) (Cell Signaling), YAP (1:50) (Santa Cruz), p73 (1:100) (Abcam) or Ki67 531
(1:20) (Invitrogen) at 4° C. Secondary antibodies tagged with fluorophore were then 532 added for one hour, followed by DAPI counter-staining for 30 minutes. 533
In situ hybridization 534
In situ hybridization was performed on 30-µm sections as described previously (47) Fisher Scientific) and mounted onto glass discs using silicone grease from the Bruker 544 fluid cell accessory kit (Bruker, USA). The force spectroscopy measurements were 545 performed using a MultiMode 8 atomic force microscope with a Nanoscope V 546
controller and E scanner (Bruker). The cell-containing regions of interest for 547 acquisition of the force-distance curves were selected under the optical microscope in 548 combination with the AFM instrument. 549
The force-distance curves were acquired employing CP-PNP-BSG colloidal probes 550 (NanoandMore GmbH, Germany) with a 5-µm borosilicate glass microsphere attached 551 to the 200-µm cantilever. The spring constants of the cantilevers were 0.06-0.09 N/m 552 (as determined by the thermal tune procedure). 553
All measurements were conducted at 25 0 C and all tissue was handled in DMEM/F12 554 medium containing HEPES on ice. At least 70 individual force-distance curves were 555 acquired for each type of cell by ramping over the surface and a total of 30 cells from 556 3 different animals were examined. These force-distance curves were processed with 557 the NanoScope Analysis v.1.10 software (Bruker). Utilizing retract curves, the elastic 558 modulus E was extracted from these force-distance curves by fitting according to the 559
Hertzian model of contact mechanics. 560
Nanoindentation 561
The local mechanical characteristics of cartilage samples from 10-day-old rat and 30-562 day-old mice were assessed with a Piuma Nanoindenter (Optics11, Netherlands) 563
adapted for soft materials. These measurements were performed on 220-250-µm 564 sections of alive tissue (without fixation and freezing) obtained by vibratome (Thermo 565
Fisher Scientific) at 2-4 ᵒC. Thereafter, the sections were stained with PI (Sigma) and 566
CalceinAM (Sigma) to confirm cell viability. 567
The nanoindenter has a controller, an optical fiber and a spherical tip for acquisition of 568 the force-displacement curves. The tip is attached to a flexible cantilever, the 569 displacement of which following contact with a surface is measured by an 570
interferometer via an optical fiber. 571
To obtain the Young's modulus, the probe was immersed 5 μm into each sample at each 572 point of measurement and modulus for each point was computed according to the 573 Hertzian contact mechanics model of a spherical body indenting a flat surface, using 574 the built-in Piuma software. 575
To study the mechanical characteristics of the cartilage of 10-day-old rat and 30-day-576 old mice, we used a cantilever with a spring constant of 4.14 N/m and a tip with a 45.5-577 μm radius of curvature. These measurements were conducted in phosphate buffered 578 saline (PBS) cooled to 2-4 °С to maintain cell viability with the samples immobilized 579 with a specially designed holder. During measurement the probe was always immersed 580 deeply enough in the fluid to avoid errors due to adhesion forces at the air-water 581
interface. To determine the Young's modulus a 1350×400 μm area of the rat samples 582
was mapped in steps of 45 μm along the X-axis and 100 μm along the Y-axis. For mice, 583 this area of mapping was 585×360 μm, with steps of 45 μm along both axes. The 584 effective Young's modulus was computed, its distribution over the surface plotted, and 585 the mean ± standard deviation (SD) calculated. 586
Finite Element Analysis 587
The effects of an SOC on the distribution of stress in the zones of bone growth were 588 explored by numerical simulations. Following reasoning described previously(27), a 589 plane-strain 2D domain was considered, in order to simplify the complex geometry of 590 the end of the bone, and thereby clarify fundamental aspects of the response. The model 591 thus took five sub-domains into consideration. The geometry of this simulation domain 592 was a slight modification of (27), with a total height of 66 mm, radius at the top of 17 593 mm, and bottom width of 25 mm. The cortical bone was given a width of 2.5 mm 594
(measured horizontally). The thickness normal to the 2D plane was by definition 1 595 mm. Only the top part of the model is shown in results figures. 596
The main parameter in these simulations was the presence or absence of an SOC or 597 other stiffer tissues, introduced by providing this domain with a stiffness at least equal 598
to that of the cartilage domain. Non-linear strains were taken into consideration, but the 599 materials in all subdomains were considered to be linearly elastic, as described by a 600
Young's modulus Ei and a Poisson ratio νi. We used the same material properties as 601
(27), and in particular for cartilage EC= 6 MPa, νC= 0.47. When included, the SOC was 602 defined in a subdomain with ED= 500 MPa, νD= 0.20. Thus, the stiff tissue had the 603 material properties of dense cancellous bone, i.e., approximately 80-fold stiffness 604 compared to cartilage. 605
In all cases, the bottom edge of the complete model had zero displacement vertically, 606 and the outside edges of the cortical bone zero displacement horizontally. Applied to 607 different 45 o sectors of the semi-circular top, the pressure was modelled as maximal on 608 the center of the given sector (300 kPa for physiological level, 3MPa for supra-609 physiological), falling quadratically and symmetrically to zero on the two neighboring 610 sector borders. In light of the symmetry of the domain, only the top or right-hand side 611 
700
"tibia with SOC" and "tibia without SOC" in the figure refer to tibias from 30-day-old mice 701 and 10-day-old rats, respectively (see Fig. S5 , B, C). 
718
DAPI was used for counterstaining (blue) in I and K. Data are means ± SD, two-tailed Student's 719 t test. In (A) to (K), n=3. ns, not significant. "tibia with SOC" and "tibia without SOC" refer to 720 tibias from 30-day-old mice and 10-day-old rats, respectively (see Fig. S5 , B, C). HZ, hypertrophic zone. "tibia with SOC" and "tibia without SOC" refer to tibias from 806 30-day-old mice and 10-day-old rats respectively (see Fig. S5 , zone, HZ, hypertrophic zone. "tibia with SOC" and "tibia without SOC" refer to tibias 814 from 30-day-old mice and 10-day-old rats respectively (see Fig. S5 , B, C). Data are 815 means ± SD, two-tailed Student's t test. In (A) to (C), n=3. 816 different evolutionary taxa. The columns refer (from left to right) to "without SOC" 848 (i.e., fetal tetrapods and urodeles), "with SOC" (i.e., synapsids, including mammal), 849 "stem tetrapods" (i.e., juvenile stem tetrapods, chelonians, crocodilians) and archosaurs 850 (i.e., birds and non-avian dinosaurs). For comparison of structural functionality, the 851 same basic geometry and materials were utilized in all cases. The small arrows indicate 852 the direction of loading. Supra-physiological loading (3 MPa) was modeled. The 853
illustrations of octahedral stress without and with a SOC are identical to those in Fig.  854 S2, A and are presented here to allow direct comparison. The hypertrophic zone free of 855 bony elements is presented under each model for direct comparison. Hypertrophic zone, 856
HZ. 857
